We study the electromagnetic form factors of the doubly charmed baryons, using covariant chiral perturbation theory within the extended on-mass-shell (EOMS) scheme. Vector-meson contributions are also taken into account. We present results for the baryon magnetic moments, charge and magnetic radii. While some of the chiral Lagrangian parameters could be set to values determined in previous works, the available lattice results for Ξ + cc and Ω + cc only allow for robust constraints on the low-energy constant (LEC) combination, c 89 (= − 1 3 c 8 + 4c 9 ). The couplings of the doubly charmed baryons to the vector mesons have been estimated assuming the Okubo-Zweig-Iizuka (OZI) rule. We also give the expressions for the form factors of the double beauty baryons considering the masses predicted in the framework of quark models. A comparison of our results with those obtained in heavy baryon chiral perturbation theory (HBChPT) at the same chiral order is made. * hillerbl@uni-mainz.de †
I. INTRODUCTION
The recent announcement of the observation of the Ξ ++ cc particle by the LHCb collaboration [1] has revived the interest on the physics of doubly heavy baryons. Up to now, the experimental evidence for baryons with two heavy quarks was marginal. Only one cc baryon, Ξ + cc (3520), had been included in the Review of Particle Physics by the PDG [2] and was labeled with one star.
The Ξ + cc (3520) baryon was first observed by the SELEX collaboration in the Λ + c K − π + channel [3] and later corroborated in the pD + K − one [4] . However, neither BABAR [5] , nor BELLE [6] , nor LHCb [7] could confirm the existence of this state.
On the other hand, the mass of Ξ ++ cc measured by LHCb is greater by more than 100 MeV than that of the Ξ + cc (3520) particle. This large splitting, if confirmed, would suggest that the two states are not isospin partners [8] and thus could belong to different multiplets.
The scarce and conflicting experimental information has not deterred the theoretical research on the topic. Since the early works predicting the existence of doubly charmed baryons [9, 10] , soon after the discovery of hidden (cc) charm states, these particles have been studied in quark models, QCD sum rules, lattice simulations, effective theories implementing heavy quark spin symmetry, etc. See, e.g., Refs. [11, 12] . Most of those works address the spectroscopy of these baryons.
Besides, other matters such as their decays [13] [14] [15] [16] and electromagnetic properties have been abundantly studied. For instance, diverse quark models [17] [18] [19] [20] [21] [22] [23] [24] , the MIT bag model [25, 26] , the skyrmion model [27] , HBChPT [28] and ChPT within the EOMS scheme [29] have been applied to study the magnetic moments of doubly charmed baryons. Both, the magnetic and the electric form factors (FF) have also been investigated in lattice QCD [30] [31] [32] . As expected, the lattice results show that the doubly charmed baryons have smaller radii than the singly charmed ones and than those composed of only light quarks such as the proton. However, there is some tension between the lattice results for magnetic moments and those determined in other theoretical models [31] .
Here, we focus on these FF, which are a quite interesting probe, as they offer an insight on the hadron structure and how its constituents are distributed.
Our work is based on chiral perturbation theory (ChPT) [33] [34] [35] [36] , which provides a model independent and systematic framework to study the non-perturbative regime of the strong interaction at low energies or for soft probes. Furthermore, it is well suited to analyse the lattice data at quark(meson) masses different from the physical ones. The ChPT results are systematically arranged as an expansion in powers of the Goldstone boson masses and the external (small) mo-menta. The corresponding power counting involves some difficulties when baryon loops are included in the calculation and different methods have been developed to overcome this issue such as HBChPT [37] , heavy hadron (HH)ChPT, using similar techniques [38, 39] , and the covariant approaches: infrared [40] and EOMS [41] . All these schemes have been widely and successfully used to investigate the electromagnetic structure of light baryons [36, . There are also some calculations of the electromagnetic properties of baryons with a single heavy quark in HHChPT [39, [72] [73] [74] [75] . Recently, the magnetic moments of doubly heavy baryons with spin have been studied in HBChPT [28, 76] . Here, we use the covariant EOMS framework instead and we also calculate the electric and magnetic radii of the spin 1 2 triplet. The manifestly Lorentz invariant EOMS scheme has been found to deliver a better chiral convergence than the other schemes for most observables [77] and in particular for the magnetic moment of the light baryons [63, 78] . Although the HB techniques are expected to work better the larger the baryon mass is, the differences with the covariant calculation are not negligible. This point is also explored both for di-charm and di-bottom baryons.
Our work is organized as follows. In Section II, the effective Lagrangian describing the interaction of doubly-heavy baryons and Goldstone bosons is given. The form factors of doubly heavy baryons are introduced in Section III and the results are shown in Section IV. Finally, summary and conclusions are given in Section V.
II. THE EFFECTIVE LAGRANGIAN

A. Interaction with light pseudoscalar mesons
The effective Lagrangian describing the interaction of double-charm baryons and the Goldstone bosons up to second order was constructed in Refs. [79, 80] . It can be written as 
The relevant pieces of the Lagrangian of order three can be obtained by considering chiral, parity and charge conjugation symmetry. There are two terms contributing to the electromagnetic form factors,
The Lagrangians for the double beauty baryons are analogous, only modifying m, their mass in the chiral limit, and the coupling constants. In these equations, U = u 2 , which incorporates the pseudoscalar meson field, is defined as
where φ(x) is expressed as
The doubly-heavy baryon field ψ with spin 1 2 is a column vector in the flavor space, i.e.
where the subscript Q denotes the charm or beauty quark. In Eqs. (1) and (2), χ, χ ± , f µν , f The interaction Lagrangian describing the Goldstone-boson interaction with a photon can be extracted from the leading-order meson Lagrangian
as follows
In Eq. (14),
B. Interaction with vector mesons
It is well known, in the case of light baryons, that the consideration of a pseudoscalar meson cloud plus contact terms, even up to order O(q 4 ), is not sufficient to provide a precise description of the electromagnetic form factors in ChPT [52, 53, 71] . This is especially true for the Q 2 dependence and thus the charge and magnetic radii. The reason is the importance of the contribution of vector meson mechanisms, see Fig. 1 . We expect a similar situation for the case of heavy baryons.
Therefore, in order to model the behavior of the form factors at moderate momentum transfers, the vector-meson contributions are also included. In the case of ideal mixing of the vector-meson singlet and octet, the Lagrangian of the coupling of doubly-heavy baryons to the vector mesons has the following structure 
Here,
In Eq. (17), M V is the mass of the vector meson. F V can be obtained by calculating the decay
with α = , and C V = 1,
for ρ, ω and φ, respectively.
III. FORM FACTORS OF THE DOUBLY-HEAVY BARYONS
A. Definitions
Considering the baryon matrix elements of the electromagnetic vector current, the electromagnetic form factors are defined as
where J µ (x) = q e(x)γ µ q(x) with q running over the quarks, and B denotes the baryon Ξ 
The electric and magnetic form factors are defined as Then, the magnetic moment is defined as
while the charge and magnetic radii of the baryons can be obtained from the slope of the electric and magnetic form factors
For neutral baryons, an exception is made for the electric radius, which reads
B. Calculation of the form factors
In Fig. 2 , we show the diagrams derived from the Lagrangians of Eqs. (1), (2), (3) and (15) which contribute to the electromagnetic current matrix element up to order O(q 3 ) in the chiral expansion. We use the standard ChPT definition for the order of a given diagram [33] . The resulting lengthy expressions of the unrenormalized contributions to the Dirac and Pauli form factors F B 1 and F B 2 are given in the Appendix. We renormalize them following the EOMS scheme. As customary, we perform a modified minimal subtraction ( MS) 2 . Later, the terms that still break the nominal power counting, which come from the baryonic loops, are also subtracted. In fact, the only subtraction terms required for the Pauli form factors read
where C 4 and C 8 are shown in the Appendix. For the case of the Dirac form factor up to O(q 3 ), the subtraction vanishes exactly due to cancellations between diagrams.
To obtain the final expression, one needs to take into account the wave-function renormalization (WFR) given by
Here, the subscript λ denotes π ±,0 , K ±,0 ,K 0 or η, and M λ is the mass of the pseudoscalar meson λ. The C λ,B are shown in Tab. I, and a sum over λ is inferred. The WFR constant only multiplies the O(q) diagrams, since it provides a correction of O(q 2 ). Its effect on other diagrams would only start at O(q 4 ), beyond the order of our calculation. Note that a proper inclusion of the WFR is required to ensure that the total baryon charge
Value of the coefficients C λ,B in Eq. (27) .
C. Vector mesons
The contributions to the form factors originating from the coupling to the photon through vector mesons, Fig. 1 , are
In these equations, B denotes the doubly charmed (beauty) baryons Ξ cc (Ξ bb ) and Ω cc (Ω bb ). The 
IV. RESULTS
For the numerical results presented in this section, we take m Ξ cc = 3.621 GeV [1] , m Ω cc = 3.652 GeV [80] , F π = 92 MeV, F K = 112 MeV and F η = 110 MeV. Furthermore, we set the renormalization scale in the loop diagrams to 1 GeV, and the chiral limit mass m to the physical baryon mass m B . The coupling of the pseudoscalar mesons to the doubly charmed baryons is fixed we use the Gell-Mann, Oakes, and Renner relations [33, 82] taking into account that the strange quark mass is fixed to its physical value.
A. Magnetic Moments
In (24) Up to O(q 3 ), the magnetic moments depend only on c 8 and c 9 and several known parameters. Furthermore, the available lattice data for magnetic moments correspond to the Ω c 8 + 4c 9 . Thus, 3 There is a factor 2 discrepancy between our work and Ref. [28] making a fit to the 13 lattice data for magnetic moments, the only free parameter is c 89 , and we can obtain an estimate for this constant: c 89 = 0.32 (2) . 4 The agreement of our µ In these results, the LEC uncertainties are purely statistical. However, the chiral error estimates, δµ, of the magnetic moments are performed as in Refs. [87, 88] and try to account for the systematic error due to the truncation of the chiral series. For our particular case we have
where µ (i) are the magnetic moments obtained with our best-fit parameters, up to the order O(p i ). 
We show the analogous results for the double-beauty magnetic moments in Table IV . Again, due to the symmetry, the tree-level expressions are the same for the two baryons with the same charge, Ξ − bb and Ω − bb . The only difference between the HB expansions of the charm triplet and the beauty triplet are the baryon masses. We take m Ξ bb = 10.314 GeV and m Ω bb = 10.476 GeV [83] for the numerical calculations. Since the double-beauty baryons are substantially heavier than the double-charm ones, a HB approach is expected to give a better approximation of the full relativistic result. Indeed, for Ξ 0 bb the differences between HB and EOMS results become smaller. However, for the other two baryons the differences are still large, as was the case in the double-charm sector.
In the double-beauty sector, all the magnetic moments are systematically of a smaller magnitude when calculated in EOMS than when determined in a HB approach. 5 
B. Electric and magnetic radii
The electric and magnetic radii, r As it happens for light baryons, we expect the vector mesons to be relevant for these observables. As simplifying conjectures, we assume the OZI rule and ideal mixing, which implies that the vector-meson contributions to the Ξ cc form factors come from ρ and ω and φ is the only vectormeson contributing in the Ω cc case. Still, this amounts to four unknown parameters: g χPT
calculation at a higher chiral order.
From these electric and magnetic form factors we can extract the corresponding radii. We obtain < r In this case, the error estimates arise mostly due to the large uncertainties of the fitted parameters.
The second number in parentheses corresponds to the uncertainty coming from the chiral truncation calculated as in Eq. (29) . These values for the radii support the expectations of the double heavy baryons being substantially smaller than the single heavy ones or the light baryons.
Within their large uncertainties, these radii are compatible with the lattice results from Refs. [30] [31] [32] . It is worth mentioning, though, that the extrapolation to the physical point with a linear or quadratic fit, as done in Refs. [30] [31] [32] , is not expected to give the correct results at the physical point, since the non-trivial behavior due to chiral loops cannot be taken into account. Specifically, the pion cloud effects, very relevant at low Q 2 values, lead to an unavoidable logarithmic dependence on the pion mass and, therefore, to a rapid curvature of the radii when approaching the physical mass, absent in the extrapolations of Refs. [30] [31] [32] . For completeness, we also show the analytical expressions of the tree-level contributions to the form factors for the double beauty baryons in Tab. VI.
V. SUMMARY
In this work, we have studied the electromagnetic form factors of the doubly heavy baryons within the framework of covariant ChPT up to the chiral order O(q 3 ). We have applied the covariant extended on-mass-shell renormalization scheme to generate a systematic power counting.
The vector meson contributions have also been included to describe the behavior of form factors at momentum transfer different from zero.
From the Lagrangian constructed in Eqs. (1), (2), (3) and (16), we have obtained the Dirac and Pauli form factors, from which we have extracted magnetic moments, charge and magnetic radii. We have also compared our results with those extracted in HBChPT. We have found that the differences between the loop term contributions to µ B in HBChPT and EOMS approaches are around 10% ∼ 70% for the double charm sector and 10% ∼ 40% for the double beauty sector.
In order to obtain first estimates for the LECs, we have fitted our model to the available lattice results. We have found that the vector meson contribution is necessary for a good description.
However, the lattice data are not sufficient to fix all the parameters. Instead, since for Ω 
APPENDIX: ANALYTICAL RESULTS AND LOOP INTEGRALS
The unrenormalized Dirac form factors corresponding to the diagrams in Fig. 2 read 
, understood. Also, m is the doubly heavy baryon mass in the chiral limit, m B is the corresponding physical mass, q µ is the four momentum of the photon, p iµ and p f µ are the four momenta of the initial and final doubly heavy baryons, and P µ is defined as P µ = p iµ + p f µ . The loop integrals of Eq. (30) are given below.
where I λλB (q 2 ) = iµ
The tensor integrals defined above can be reduced to the scalar ones as follows 
